bond electron pair towards Pd upon transition from penta-to hexacoordinated tin compounds.
Introduction
In 1995, Green has established the "covalent bond classification" of transition metal (TM) complexes.
1 According to this approach, two electron σ-donor ligands (e.g. Lewis bases like PPh 3 ) are classified as L-type ligands, whereas Lewis acidic two electron σ-acceptor ligands are referred to as Z-type ligands (one electron donors are referred to as X-type). Examples of Z-type ligands are contained in compounds I (Scheme 1), in which platinum acts as a lone pair donor towards electron deficient main group metals. 2 The probably largest group of Z-type ligands explored to date are those based on boron as the Lewis acidic site. Unlike the situation in complexes I, in the so-called metallaboratranes 3 the presence of a bridging ligand is crucial for the stability of the donor-acceptor bond. Using the same bridging ligand (1-methylimidazole-2-thiolate, methimazolyl, mt − ) as Hill in his pioneering work on metallaboratranes (II), 4 we have shown that silicon 5 and tin 6 atoms (III), in spite of their formally saturated valence shell, are capable of acting as Z-type ligand sites in the coordination sphere of TMs. In a related two-fold bridged tin palladium heterobinuclear complex (IV) the electronic situation becomes less clear, i.e. the E-TM bond can be described both as of Sn(IV)←Pd(0) (IV 
with a perfect covalent bond and various other canonical forms donor/acceptor confusion is supported by the charge delocalisation within the N,S-bridging ligand (which thus gives rise to various resonance structures without formal charge), whereas in V the combination of the presence of a lone pair at Sb and the well known Lewis acidic properties of Sb(III) compounds 9 is responsible for this L/Z-type behaviour. The Sb-Au bonding situation in complexes V was found to be highly responsive to the Sb bound substituent R (Ph vs. Cl) with the Z-type character of antimony (contribution of the canonical form V Z ) increasing upon formal substitution of Ph for Cl. In a related study of a Sb-Pt system with similar bridging ligands Gabbaï et al. have shown that upon changing the Sb coordination number from 4 via 5 to 6 the Sb-Pt bond electron pair is shifted towards Pt. 10 15 To the best of our knowledge, a comprehensive study of the effects of variations of all possible parameters in a system [E-TM] with constant oxidation number of the bimetallic core on the directionality of the intermetallic bond electron pair has not been reported yet. Recently, we reported on the synthesis and electronic features of Sn-Pd complexes similar to complex IV with the N,S-bridging pyridine-2-thiolato ligand system ( pyS − ) and we also observed the response of the metal-metal bond towards different SnR 2 substitution patterns. 16 With the pyridine-2-thiolate ( pyS − ) ligand we found that those complexes can be generated along different reaction protocols from starting materials with various oxidation states of the metal atoms. Furthermore, the pyS − ligand was also successfully used as a bridging ligand by others for the syntheses of metallaboratranes 17 or Sn-Pt complexes. 18 With this knowledge, we were able to synthesise a variety of new heterobinuclear complexes with systematic variations of metal atoms (Ni, Pd, Pt), main group metalloid atoms (Ge, Sn) and ligand patterns. Thus, around the parent motif of [Cl 2 Sn(µ-pyS) 2 PdPPh 3 ] (1) we have characterized a variety of related complexes by varying one parameter (Table 1) . Herein we report a systematic comparison of their corresponding crystallographic, spectroscopic and quantum chemical data for a deeper understanding of the influence of a formal substitution of atoms or atomic groups in compounds of the general structure motif shown in Scheme 1 on their heterobimetallic bonding situation. Table 1 Numbering of the complexes discussed in this paper and corresponding combinations of metals (group 10 TM; group 14 E) and ligands (bridging ligand N,S; trans-E-TM situated ligand L; further E bound ligands X). Molecular structures, X-ray diffraction analyses
Syntheses
The herein presented compounds 2, 3, 4, 9, 10, 11, 12, and 13 were characterised by single-crystal X-ray diffraction analysis ( Fig. 1 ) and, together with the data of compounds 6, 7 and 8, Fig. 1 Molecular structures of complexes 3 (the molecular conformation of compounds 2 and 4 is similar to 3), 9, 10 (in 10·2 THF), 11 (in 11·CH 2 Cl 2 ), 12 and 13 (in 13·2 EtOH·CH 2 Cl 2 ) in the crystal. Ellipsoids are set at 50% probability, C-bound hydrogen atoms are omitted. Asterisked labels indicate symmetry equivalent positions according to x, 0.5 − y, z (for 9), * = 2 − y, x, 2 − z; ** = 2 − x, 2 − y, z; *** = y, 2 − x, 2 − z (for 10) and 2 − x, 1 − y, −z (for 13). , whereas the Sn-N bond lengths appear to be more variable. The shortest Sn-N bonds to the bridging ligands are found in 8, this can be attributed to the different heterocycles of the bridging ligand (i.e., a five-membered ring with a more acute C-N-C angle, thus exerting less steric demand in the Sn coordination sphere). Correspondingly, the Pd-S bonds in 8 are slightly longer than in the other Sn-Pd compounds. With the resonance structures of the L-and Z-type borderline cases in mind, an increase in the Z-type characteristics is accompanied with an increase in the covalent character (strengthening) of the Sn-N bonds and the dative character (weakening) of the Pd-S bonds. Considering that covalent bonds are longer than formal dative bonds, 22 compound 8
(having the shorter Sn-N and longer Pd-S bonds) should exhibit enhanced Z-type characteristics of the L/Z-type Snligand (Scheme 3). The Pd-P bonds within the series of Sn-Pd compounds, ranging between 2.35 and 2.38 Å, do not reveal any remarkable response to the different Sn coordination spheres. Interestingly, the Pd-P bond to the stronger σ-donor phosphine (PCy 3 , in compound 9) is at the longer end of this range and cannot be interpreted as a result of a stronger trans-disposed donor, because the Sn-Pd bond in 9 is also longer than that in the corresponding PPh 3 substituted compound 1. Instead, compound 9 reveals slightly shorter Pd-S and longer Sn-N bonds than 1, thus hinting at the compensation of the electron density shifts within the heterometallic core by the bridging pyridine-2-thiolate ligand. This electron density shift could be the shift of the Sn-Pd bond electron pair towards Sn, thus supporting enhanced L-(or lowered X-or Z-) type of Sn in this compound.
Hence, as the bond length characteristics of the herein studied compounds do not reveal clear trends for electron density shifts upon substitution of various parts of the complex (only some hints in the case of few compounds), the Table 2 Selected bond lengths [Å] in the molecules of the crystallographically characterised complexes discussed in this paper following two electron density features of the heterometallic core (1) valence shell population of the group 10 and group 14 element and (2) Whereas one paper reports Au→Bi σ-donation and nonbonding features of the Bi(6s) lone-pair, the other paper reports a combination of Au(5d x 2 −y 2)→Bi (6p y ) σ-donation and Au(6s)←Bi(6s) σ-backdonation (of different magnitude, of course, to eventually yield the same final electron density distribution). Hence, in the following we will exclusively focus on the "as is" situation rather than employing any "electron flow" models.
Valence shell population ( 119 Sn Mössbauer spectroscopy and
Natural Electron Configuration analyses)
119 Sn Mössbauer spectroscopy, as an experimental probe for the 5s orbital population of tin atoms, proved the (5s) electronic situation of the herein studied tin compounds to be situated almost midway between Sn(II) and Sn(IV) compounds. According to the resonance structures mentioned in tendencies towards notable contributions of the Z-or L-type ligand contributions, i.e., shifts towards Sn(IV) or Sn(II) characteristics, respectively. Pronounced shifts to Sn(IV) characteristics were found with compounds 11, 12 and 13, which comprise hexacoordinated Sn atoms. This effect can be caused by an increase of the ionicity of the Sn-Pd bond by an electron density shift towards Pd (and similar effects on the other Sn-X bonds) upon enhancing the Sn coordination number or by general lowering of the 5s orbital contribution in bond formation with a simultaneous increase of the 5p orbital contributions to bond formation. For a closer inspection of these effects the Natural Electron Configurations (NECs) of the metal atoms were computed and analysed (see details in the ESI †). The calculated 5s populations of the tin atoms correlate very well with the isomer shifts observed in the 119 Sn Mössbauer spectra (Fig. 2) , thus providing a foundation of reliability for the calculated data ( Table 3 ). The NECs are very similar for the transition metal atoms of the herein investigated series of compounds (except of the Pt compound 3, the higher valence shell s orbital population can be rationalised by relativistic considerations), and therefore their Natural Charges (NCs) are very similar. The 5s and 5p populations (and also the s/p population ratio) of the tin atoms vary noticeably. As tin(II) compounds comprise an Snlocated lone pair with high s-orbital contributions and thus exhibit a noticeably higher 5s/5p ratio than Sn(IV) compounds, we had a closer look at this feature. Thus, we have analysed the NEC for some Sn(II) (5s/5p for Sn 2 (L a ) 2 2.00, SnCl 3 − 1.50, 24 ).
In addition to the lower 5s population, the hexacoordinated tin compounds 11, 12 and 13 exhibit an even more pronounced lowering of the 5p orbital population, reflected by the systematically higher s/p ratio and noticeably more positive NC of the tin atom. In addition to the lower 5s population and the trend of the 119 (15) in our analysis (Table 3 ). In spite of the different Pd substitution patterns the electronic features of these two compounds are surprisingly similar to one another. Between compounds 14 and 15 and the group of the herein investigated Sn-Pd compounds (1, 6-13), however, we find some noteworthy differences. In 14 and 15 the tin atom exhibits a higher 5s orbital population (but a similar s/p ratio though) and less positive NC. Vice versa, the Pd atoms in 14 and 15 are more electron deficient, as reflected by their enhanced positive NC, which mainly arises from a lowered 4d orbital population.
Natural localised molecular orbital (NLMO) analyses
As indicated by the 119 Sn NMR shifts of compounds 1-3 and 6-13 (Table 4) , the tin atoms are penta-(1-3, 6-10) or hexacoordinated (11) (12) (13) , and thus the Sn-TM bond can be considered to be a regular two electron bond. The 119 Sn NMR shift itself, however, cannot be used as a measure for evaluating the character of the Sn-TM bond, because in addition to the tin coordination number this shift value is strongly influenced by the various dia-and paramagnetic shielding effects as well as relativistic effects of all substituents. Therefore, we need to point out that the presence of the Sn-TM bond is furthermore supported by the 2 J ( 119 Sn, 31 P) coupling observed for the compounds with a Sn-TM-P feature ( Thus, our further investigation addressed the location and composition of this electron pair (also for the Ge and Si compounds 4 and 5, respectively), which should provide some insights into the influence of substitution patterns on L-vs. (0) (15) . As shown in Table 4 , for each compound under investigation the NLMO of interest is composed of more than 90% orbital contributions of the two core bonding partners (and thus only a minor fraction of delocalised contributions). In the reference compounds 14 and 15 the Sn-Pd bond is significantly polarised towards tin, as reflected by the ratio of the metal contributions to the NLMO (%TM/%E) of 0.35 and 0.53, respectively. The overall appearance of the Sn-Pd NLMO is similar for these two compounds (Fig. 3) . The Sn-Pd containing compounds of the series 1-13 reveal significantly higher transition metal contributions, reflected by %TM/%E ranging between 0.63 and 0.83. Furthermore, the overall appearance of the E-TM NLMO in these compounds is noticeably different from those in 14 and 15 but similar within the series of all N,S-bridged complexes 1-13 (for representative examples see Fig. 3 , for the other NLMOs see the ESI †). As can be seen for examples 1 vs. 12, the tin atom's coordination geometry does not reveal any significant impact on the appearance of this NLMO. Thus, considering the Cl 3 Sn-group (in 14 and 15) as an X-type ligand a trend towards Z-type characteristics of the tin site can be deduced. Even the value for compound 4 (0.56) is still higher, although tin is replaced by the more electronegative germanium. Vice versa, the upper limit is exceeded by compound 3 (0.87) in which palladium is replaced by the more electronegative platinum. With reference to compound 1, most ligand substitutions studied in this series lead to a shift of the atomic contributions to the Sn-Pd NLMO towards palladium, the only exception being compound 9 (%TM/%E = 0.63), in which the reverse shift is expected because of the stronger σ-donor phosphine (PCy 3 ) trans to the Sn-Pd bond. The atomic orbital contributions of the metal atoms towards the E-TM NLMO can be described as hybrids of d and s for TM and s and p for E (with only marginal contributions of p or d, respectively). The s/p ratio of E ranges between 2 and 3 for most of the herein studied compounds, only the silicon compound 5 (s/p 1.32) and the Ph 2 Sn functionalised compound 6 (s/p 1.28) exhibit pronounced p orbital contributions of their group 14 element, in accord with the lower valence shell s orbital population of these atoms (vide supra). The d/s ratio of the transition metals' contributions also ranges between 2 and 3 for most of the herein studied compounds, with exceptions found for platinum compound 3 (d/s 1.76) because of the different transition metals and for compounds 6, 11, 12 and 13 (d/s > 3). The latter seems to correlate with their pronounced shift of the 119 Sn Mössbauer signal to lower velocities ( pronounced Sn(IV) contributions). Interestingly, the d/s ratio of the Pd atom's contributions to the Sn-Pd NLMO is only 1.35 in the reference compound 15, whereas for compound 14 we find a value similar to those of our N,S-bridged complexes. We interpret this different behaviour of Pd in 15 as a result of the completely different Pd coordination sphere caused by the allyl group.
X-vs. Z-type ligand characteristics. The bridging ligands used in this study allow for drawing formal E(II)→TM(II), E(III)-TM(I) and E(IV)←TM

Summary of computational analyses
As only one of the discrete electronic features such as NLMO composition, Natural Charges or Natural Electron Configurations cannot describe the E-TM bonding situation between Sn(II) (L-type), Sn(III) (X-type) and Sn(IV) (Z-type) in a satisfactory manner, the combination of the features is mapped for the Sn-Pd compounds (and Sn benchmark compounds) in Fig. 4 .
The location of the Sn(IV) benchmark compounds reflects the enhanced Sn charge compensation by the electron density of softer ligands (better charge compensation in chlorotin compounds with respect to Sn(L a ) 2 with O,N,N′ donor ligands)
while the 5s/5p ratio remains similar. For the Sn(II) benchmark compounds we also found the trend of enhanced charge compensation by the softer ligands, but the already high 5s orbital population required charge compensation by enhanced 5p orbital population (thus lowering the 5s/5p ratio for the chloro compounds). On this map the Cl 3 Sn-Pd reference compounds 14 and 15 are located midway between the groups of Sn(II) and Sn(IV) references on the side of pronounced charge compensating ligands. With respect to references 14 and 15 the positions of the other Sn-Pd compounds reported in this paper are shifted towards the group of the Sn(IV) reference compounds. There is a notable separation between the groups of Sn-Pd compounds with a hexacoordinated Sn atom (11, 12, 13) and those with a pentacoordinated Sn atom (1, 6, 7, 8, 9, 10) . The relative positioning of these two groups indicates a better charge compen- sation in the case of the compounds with a pentacoordinated Sn atom (which have SnCl 2 , SnS 2 or SnC 2 moieties), which is pronounced for compound 7 (having a SnS 2 moiety). On this map one can see that both groups (Sn-Pd compounds with penta-and hexacoordinated Sn atom) are in a similar relative distance to the groups of Sn(II) and Sn(IV) reference compounds, those with an hexacoordinated tin atom only marginally closer to Sn(IV) than those with pentacoordinated Sn.
The relative Sn atom contributions to the Sn-Pd NLMO indicates a further systematic feature about this map, i.e., those compounds with enhanced Sn contributions to the SnPd NLMO are shifted towards the direction of the Sn(II) references. Thus, their enhanced Sn contribution in combination with the increase of the 5s/5p ratio hints at an enhanced lone pair character (i.e., a shift towards L-type characteristics), whereas the opposite direction thus indicates a shift towards X-or Z-type characteristics. The relative positioning of compounds 8 and 9 on this map (i.e., 9 shifted towards Sn(II), 8 shifted towards Sn(IV) relative to compound 1) is in agreement with the prediction made from the analyses of the molecular structures obtained by X-ray crystallography. In addition to compound 8 (having the mt bridges), on this map compound 6 (having SnPh 2 ) is particularly close to the group of Sn(IV) references, while their Sn contributions to the Sn-Pd NLMO (54%) indicates "perfectly covalent" (i.e., X-type) bonding. Thus, these two compounds demonstrate the limits of this analysis: as soon as the Sn lone pair character (L-type feature) vanishes, the tin atom becomes tetravalent (regardless of the tin coordination number). Additional analyses (e.g., contributions to the NLMO of interest) will then be required to differentiate between the X-or Z-type ligand characteristics of Sn in each case. Regarding compounds 14 and 15 as stannyl (X-type Cl 3 Sn-group) compounds, the other Sn-Pd compounds are then shifted towards Z-type Sn. Regarding the Sn atom's contribution to the NLMO representative of the Sn-Pd bond as the absolute measure, compounds such as 6 and 8 are close to X-type Sn, whereas the other compounds (14 and 15 in particular) exhibit a pronounced L-type Sn character.
Conclusion
In extension of our initial studies of heterobimetallic Sn-Pd complexes which have tin based σ-donor/acceptor confused Fig. 4 5s vs. 5p orbital populations (from calculated NECs) of Sn-atoms herein reported as compounds with a Sn-Pd bond and selected Sn(II) and Sn(IV) reference compounds. Note: The diagonal lines of charges (+2.0, +1.5, +1.0) correspond to the electron deficiency in 5s and 5p orbitals with respect to four valence shell electrons of Sn. Hence, they are similar (but not equal) to the NCs of the Sn atoms. The bold numbers in the squares correspond to the compounds, the red numbers next to them represent the percentage of Sn contributions (out of Sn and Pd) to the Sn-Pd NLMO (corresponding to the entries in row 7 of Table 4 ).
ligands (L/Z-type ligands), we have now selectively synthesised a library of new compounds with different combinations of group 14 and group 10 metal atoms and ligand patterns. The compounds have been characterised by means of melting point determination, elemental analysis, multinuclear NMR, 119 Sn Mössbauer spectroscopy and single crystal X-ray diffraction analysis. Furthermore, NLMO analyses were carried out and a detailed comparison of structural, spectroscopic and quantum chemical data allowed insights into the differences of the ligand behaviours of structurally related compounds, i.e. differences in the ambiguous L-, X-, and Z-type ligand characteristics.
Besides the investigation of some recently reported heterobinuclear complexes, 27, 28 this is the first comprehensive study with special emphasis on the substitution induced variation of the L/X/Z-type behaviour of a ligand system. Whereas clear cut differences between Sn(II) and Sn(IV) (with and without Snlocated lone pair, respectively) in tin oxo compounds can be easily detected by the anisotropic 119 Sn NMR properties, 29 combinations of 119 Sn Mössbauer spectroscopy, crystallography and NLMO analyses allowed for the analyses of the rather continuous changes between electron rich and electron deficient group 14 element ligand sites in ligand bridged heterobimetallic complexes. With respect to the electronic situation in trichlorostannyl palladium compounds, in which the Cl 3 Sn group is referred to as an X-type ligand, we found: (i) still rather covalent E-TM bonds, suggesting the ligands to be described as X-type, but (ii) noticeable electron density shifts of the Sn-Pd bonds towards Pd in our compounds (which have penta-and hexacoordinated Sn atoms) with respect to the Sn-Pd bonds in two different trichlorostannyl palladium reference complexes and (iii) a pronounced loss of the Sn valence shell electron density in complexes having hexacoordinated E atoms.
Experimental
All reactions were routinely carried out under an atmosphere of dry argon using standard Schlenk and glovebox techniques. Solvents were dried by distillation from Na/benzophenone (THF, diethyl ether and Et 3 N), distillation over sodium (toluene, pentane), distillation over CaH 2 for dichloromethane (DCM) and storage over a molecular sieve 3 Å (chloroform quartz powder). A palladium foil of 0.05 mm thickness was used to reduce the tin K X-rays concurrently emitted by this source. The measurement was conducted in the usual transmission geometry at 78 K. Fitting of the spectra was performed with the Normos-90 program system. 36 In some of the spectra we observed asymmetric signals caused by the GoldanskyKaryagin effect. As this effect is temperature dependent, we have recorded the spectrum of complex 2 (which revealed the most asymmetric signal of the complexes studied) at 5 K and found a decrease of the asymmetry of the signal (see the ESI †).
For the determination of the X-ray crystal structures, a crystal of the appropriate size was selected under inert oil and mounted on a glass capillary by applying a small amount of silicone grease. The dataset was collected on an IPDS 2(T) diffractometer (STOE) using monochromated Mo-Kα radiation (0.71073 Å). The structures were solved by direct methods (ShelXS) and refined in full-matrix least-squares cycles against F 2 (ShelXL). 37 Hydrogen atoms were refined isotropically in geometrically idealised positions with constrained C-H distances. The hydrogen atoms of the OH group in the structure of 16·2 THF·DCM were detected on the Fourier map and refined without positional constraint. The U iso values were set to 1.2U eq (or in the case of Me and OH groups to 1.5U eq ). Parameters of data collection and structure refinement of the crystal structures discussed in this paper are reported in the ESI. } (for its crystal structure see the ESI †). The supernatant was decanted off and the red coarse crystalline product was isolated mechanically from the orange crystals of the byproduct using a spatula, washed with 1 mL of a THF/diethyl ether mixture (1 : 1) and dried in vacuo. The crystals were suitable for X-ray diffraction analysis. Yield: 38 mg (52 µmol, 40% 3 (55 mg, 196 µmol) were stirred in toluene (5 mL) at 70°C for 4 h. After cooling the mixture to rt, the precipitate was filtered off, washed with toluene (1 mL) and pentane (2 mL) and dried in vacuo. Yield: 130 mg (163 µmol, 84%). Crystals for X-ray diffraction were obtained by a slightly modified method: 1 (98 mg, 126 µmol) and PCy 3 (40 mg, 142 µmol) were layered with chloroform (5 mL) and stored undisturbed. After several days, an orange product containing X-ray quality crystals had formed and the supernatant was decanted off. The product was suspended in chloroform in order to remove unreacted starting materials, then filtered off, washed with chloroform (1 mL) and dried in vacuo. Yield: 45 mg (56 µmol, 44%). The product is insoluble in common organic solvents.
MP: not observed (stable up to 250°C). 31 
